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Abstract
An overview of the goals and achievements of the European PartEmis project (Measurement and prediction of emissions of aerosols and
gaseous precursors from gas turbine engines) is discussed in this paper. PartEmis is focussed on the characterisation and quantification of
exhaust emissions from a gas turbine engine. The engine was composed of a combustor and a unit to simulate a 3-shaft turbine section
(so-called Hot End Simulator; HES). A comprehensive suite of aerosol, gas and chemi-ion measurements were conducted under different,
(i) combustor and HES operating conditions, (ii) fuel sulphur and APA101 fuel additive concentrations. Aspects of volatile particle formation,
growth factors of carbonaceous particles and sulphur (IV)/sulphur (VI) formation have been modelled using one- and multidimensional
representations of the HES and nearfield plume, respectively. The combustor chosen in PartEmis behaves like a typical aircraft engine
combustor with respect to thermodynamic data as well as to gas and particulate emissions, which suggests that the PartEmis database may
be applicable to contemporary aircraft engines.
 2003 Elsevier SAS. All rights reserved.
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The possible role of gaseous and particulate emissions
from aircraft in the upper troposphere and the lowermost
stratosphere is currently a matter of concern [28]. Emitted
particles are suspected of altering natural cirrus clouds [39]
and to initiate the formation of additional cirrus clouds [5,
26], which in turn may alter the radiation balance of the
atmosphere and the Earth’s surface. Of special interest are
the formation and properties of carbonaceous (black carbon/
organic compounds) and volatile particles (hydrocarbon/
sulphur compounds) [33]. Despite numerous studies to
investigate exhaust emissions from gas turbine engines, such
as AERONOX [32], AEROTRACE [7], POLINAT [35],
SULFUR [34] and CHEMICON [6,38], microphysical and
chemical properties as well as the influence of engine
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doi:10.1016/j.ast.2003.10.006operating conditions still remain poorly characterised with
respect to particulate emissions. However, this kind of data
set forms a basic pre-requisite for modelling approaches
which investigate the role of aviation aerosols and their
effect on the environment.
In order to address these issues, the European PartEmis
project (Measurement and prediction of emissions of aerosols
and gaseous precursors from gas turbine engines) was con-
ceived. PartEmis aimed to go further than earlier plume stud-
ies, by gaining a detailed understanding of the composi-
tion and transformation of combustion gases and particles
as they pass from the combustor through to the engine exit
and hence out into the external plume and aircraft wake.
PartEmis focussed on the characterisation and quantification
of: (i) particle properties with respect to combustor operating
conditions, (ii) particle properties as they progress through
the engine turbine stages, (iii) the effect of fuel sulphur con-
tent (FSC) and a fuel additive, and (iv) the effect of exhaust
emissions of non-methane hydrocarbons and chemi-ions on
132 C.W. Wilson et al. / Aerospace Science and Technology 8 (2004) 131–143the formation of new particles. The database will be used to
improve the capabilities of existing models and for the verifi-
cation of 1-D, 2-D and CFD (computational fluid dynamics)
models.
The test-rig facility comprised a combustor that in tech-
nological terms is compatible with ICAO (International Civil
Aviation Organisation) emissions standards (CAEP 4). An
expansion system (so-called Hot End Simulator; HES) that
simulated the thermodynamic processes involved in the ex-
pansion of gases in the turbine and nozzle was then added
in the second round of experiments. The test-rig was based
on standard gas turbine designs, rather than on any sin-
gle commercial design, in order to encourage the wider ap-
plication of PartEmis results. An extensive set of state-of-
the-art aerosol, gas and chemi-ion measurements were ob-
tained at QinetiQ (Farnborough, UK) during two campaigns:
the PartEmis Combustor (January–February 2001) and HES
(March 2002) campaigns. This paper outlines the experi-mental aspects and an overview of preliminary results ob-
tained by project partners during both campaigns.1 In addi-
tion the nature and preliminary results from accompanying
modelling activities are also presented.
2. Test-rig and combustor operating conditions
In the section below, brief technical details are given of
the combustor and test-rig used during PartEmis, while fur-
ther details are reported elsewhere [25]. A Trace cannular,
transpiration cooled combustor (Fig. 1) was used for tests
on QinetiQ’s High Pressure Combustion Rig (see Fig. 2).
An alternative would have been an annular combustor, how-
1 The database was compiled by the DLR, is hosted at Leeds Uni-
versity, and may be accessed by contacting either of the following:
andreas.petzold@dlr.de, c.w.wilson@sheffield.ac.uk, martin.plour@dlr.de
or m.pourkashanian@leeds.ac.uk.Fig. 1. Schematic of the Trace combustor.
Fig. 2. Schematic of the high pressure combustion test-rig including the combustor.
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mass flow would have been required to run a 3-burner sec-
tor, and (2) annular combustor sectors have cooled end walls
which interfere, normally by reaction quenching, with the
combustion products, so the overall combustor exit compo-
sition would not be representative of a whole annulus. Al-
though the combustor is based on a 30-year old design, it has
been substantially modified with new cooling and fuel injec-
tion systems according to current legislation and technolog-
ical advances such that it meets the emissions requirements
of modern civil combustors. The Trace combustor thus pro-
vides the best all-round solution. In a working engine, ten
of these combustors are circumferentially spaced around the
engine core. The combustor exit nozzle used was a 36◦
“smile” shaped discharge nozzle, and is shown in Fig. 3.
Air was delivered from a four-stage compressor and heater
unit. A back-pressurising valve located downstream of the
combustor maintained the correct pressure in the system.
After extraction of sample exhaust at the combustor exit,
the remainder of the high-temperature exhaust gases were
cooled using water injection via a set of spray-bars. Water-
cooled jackets provided additional cooling of pipework. The
standard test-rig instrumentation covered 41 control parame-
ters, such as temperature, pressure, fuel and air flowrates, as
well as CO, CO2, total hydrocarbons (HC), NOx , and smoke
number.
Two engine operating conditions, shown in Table 1,
were simulated to represent the thermodynamic conditions
found in the turbine stages of legacy (referred to here as
Fig. 3. View of combustor exit looking downstream, illustrating the
sampling probe position (P1-11) and angular location. Positions P1 and P11
are close to the combustor walls.
Table 1
Combustor operating conditions during the 2001 Combustor and 2002 HES
campaigns
Combustor parameters Combustor campaign HES campaign
Old Modern Old Modern
Tci combustor inlet (K) 566 766 566 766
Tco combustor outlet (K) 1125 1448 1125 1360
pco (105 Pa) 7.05 8.2 7.05 8.2
Air mass flow (kg s−1) 2.12 2.12 2.12 2.12
Fuel-flow (kg s−1) 0.032 0.042 0.032 0.035
Air fuel ratio 66 50.3 66 60.4“old”) and modern aircraft cruise conditions at 35,000 feet
(∼11,700 m). This enabled the conversion of fuel sulphur to
oxidised sulphur species to be replicated. Due to the large
number of test parameters investigated during PartEmis (i.e.
combustor operating conditions, FSC, etc.), abbreviations
used here and in follow-on papers are shown in Table 2.
These old and modern combustor operating conditions
were also chosen to meet the ICAO smoke emission level.
The base fuel was a low-sulphur kerosene. Amongst other
constituents, the aromatic and naphthalene contents were
determined to be 18.1 and 2.56% v/v, respectively (QinetiQ
internal report). The FSC content of this fuel was varied by
adding known quantities of benzenethiol (C6H5SH). FSC
levels covered the range from low sulphur fuel (50 µg g−1) to
the contemporary average (410 µg g−1) and to a maximum
of about three times this average (1270 µg g−1) defined
here as Low, Mid and High (L, M, H) FSC, respectively.
This compares to an upper, allowed limit of 3000 µg g−1
according to aviation fuel specifications. In addition, a Shell
additive known as APA101 (0, 256, 1280 mg l−1; None,
Standard, High or N, S, H) was used with low FSC fuel in
order to study the effects on exhaust emissions. This additive
was originally developed to extend the thermal stability of
JP-8 jet fuel for use in military applications by at least 100◦F
(55◦C). The use of APA101 Additive has been shown to:
(i) increase the thermal stability of JP-8, (ii) reduce fuel
manifold and nozzle coking deposits in gas turbine engines,
and (iii) clean-up carbon deposits in the hot engine sections
from the combustor through to the afterburner [15,24]. The
direct benefits are reduced fuel-related maintenance costs
and increased reliability of turbine engines. APA101 additive
fuel has found widespread use in US military aircraft and is
currently being assessed by at least one commercial airline.
A reduction in particle emission indices (i.e., mass and
number) has been observed in various unpublished studies,
however, this remains to be further investigated and is an
important aspect of PartEmis.
A specially designed equal area traverse-sampling probe
was used to extract exhaust samples from the combustor
exit, previously shown in Fig. 3. The probe gave a radially-
averaged value at each circumferential position. The sam-
pling probe was moved stepwise, laterally across the com-
bustor exit (eleven positions), where positions 1 and 11 were
close to the combustor walls and position 6 was central.
This allowed the lateral distribution of gaseous and aerosol
species to be measured. After exit from the traversing probe,
the sample was cooled to ∼150◦C using a water-jacket, and
delivered to the undiluted and diluted sample lines, shown
in Fig. 4. The undiluted line was insulated along its entire
length (34 m; tube diameter 7.6 mm) in order to avoid wall
losses of combustion products, while sample in the diluted
line (38 m; tube diameter 21.2 mm) naturally attained room
temperature (∼25◦C) after dilution by a factor ∼65. The re-
spective dilution factor for each test condition varied from
51 to 73 (average 63.4 for entire test series) with a variabil-
ity of less than 10%, as illustrated in Fig. 5. Dilution with
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Definition of test conditions during the 2001 combustor and 2002 HES campaigns
Combustor operating condition Combustor campaign HES campaign
FSCa: APA101 Add. b: FSCa: APA101 Add. b: HES Pressure c:
Low, Mid, High None, Standard Low, Mid, High None, Standard, low, intermed.,
(L, M, H) High (N, S, H) (L, M, H) High (N, S, H) high (lp, ip, hp)
Old (O) OL. . . OLN OL. . . OLN. . . OLN-lp
Modern (M) ML. . . MLN ML. . . MLN. . . MLN-lp
a FSC= 50, 410, 1270 µg g−1;
b APA101 additive = 0,256, 1280 mg l−1;
c HES pressure = 1.1 bar, 2.4, 3.4 (lp, ip, hp; old conditions) and 1.2 bar, 2.7, 3.9 (lp, ip, hp; modern conditions).
Fig. 4. Diluted and undiluted sampling line system downstream of the combustor exit. The lengths of the diluted and undiluted lines were about 38 and 34 m,
respectively. Corresponding tube diameters were 21.2 and 7.6 mm.Fig. 5. Average dilution factors for all investigated test conditions. Bars
represent the variability of the dilution during the respective test condition,
the solid line indicates the average dilution factor, and the dashed lines give
the average +/− 1 the standard deviation of the sample dilution.filtered air was necessary for the majority of instruments to
reduce concentrations to a measurable level. The sample di-
lution factor was determined from CO2 mixing ratios mea-
sured in the supplied dilution air, diluted sample, and undi-
luted sample, as well as from temperature and pressure sen-
sors throughout the sample delivery system. Although sta-
ble gaseous species such as CO2 and water vapour are un-
affected by intrusive sampling, aerosols may be lost due to
diffusion and sedimentation to the surfaces of the sampling
system. Aerosol losses were therefore empirically measured
and modelled.
3. Hot end simulator (HES)
Test-rig turbine systems suffer from mechanical com-
plexity, high costs and testing limitations. As a consequence,
it was decided to design a unit with no moving parts, which
would simulate variations in gas-stream temperature and
pressure in the turbine and propulsion nozzle sections of
an engine. Results from the PartEmis Combustor campaign
C.W. Wilson et al. / Aerospace Science and Technology 8 (2004) 131–143 135Fig. 6. Schematic of the Hot End Simulator (HES), which is composed of three separate heat exchanger stages (referred to here as the high, intermediate and
low pressure stages).Fig. 7. One of the three heat exchanger stages belonging to the HES. Three
such stages compose the HES. Horizontal ducts are for combustion exhaust
products and vertical ducts are for water cooling.
provided the boundary conditions for modelling aerosol and
aerosol precursor reactions in the HES. A schematic of the
HES is shown in Fig. 6, which was designed to have temper-
ature ratios and residence times similar to those found in a
modern aircraft engine at a cruise altitude of 35,000 ft. The
HES was composed of three separate heat exchanger stages,
one of which is shown in Fig. 7. Each stage simulated the
rotor workload while variation of the cross-sectional area
and trimmer plates simulated the pressure stages in a tur-
bine (referred to here as the high, intermediate and low pres-
sure stages; hp, ip, lp). It is not possible to simulate the ex-
haust pressure at cruise conditions, as this would require a
sub-atmospheric facility. However, the pressure loss was at-
tributed to each stage in the same proportion as found in theturbine. The HES does not simulate all of the processes in-
volved. For instance, the HES did not simulate the dynamic
effect that a rotating turbine could have on particles. How-
ever, it is commonly agreed upon that effects such as tur-
bulent deposition and impaction of particles onto the rotor
blade surfaces may have a negligible effect on particle con-
centrations and will not alter particle physico-chemical prop-
erties.
HES test-rig operating conditions during the HES cam-
paign are shown in Table 1. The HES performed within de-
sign limits when the combustor was run at cruise conditions.
However, it was not possible to achieve modern cruise con-
ditions, as the outlet temperature of the HP heat exchanger
exceeded the manufacturers design safety limit of 1125 K.
Modern cruise conditions were therefore realised by reduc-
ing the fuel-flow until the temperature limit was reached but
keeping the inlet temperature, pressure and air mass flow to
the combustor at the design values.
An instrumentation section was designed to enable the
measurement of gas species concentration and particulate
properties at each HES stage exit. The sampling system was
essentially the same as that for the Combustor campaign.
Individual sample probes for trace gases, aerosols and ions
were designed for each measurement section. Selection
of sample from the three measurement sections was by
remotely operated pneumatic actuated ball valves.
4. Overview of instrumentation and preliminary
experimental results
A brief overview of the instrumentation operated by each
project partner and preliminary results are given in this sec-
tion. Table 3 contains a list of all instrumental details while
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Details of instrumentation and PartEmis experimental partner groups
Measured parameters Technique References Online/offline Partner*
Aerosol parameters
Non-volatile aerosol (total number
conc., number size spectra)
Condensation Nuclei Counters (CNC), Differential Mobil-
ity Analyzer (DMA), Volatility Tandem DMA (VTDMA),
Scanning Mobility Particle Sizer (SMPS)
[27,30] On DLR-IPA
PSI RR
Volatile aerosol (total number
conc., number size spectra)
CNCs, DMA, VTDMA, SMPS [27,30] On DLR-IPA
PSI
Aerosol surface area conc. Diffusion Charger (DC) [2] On PSI
Integral optical properties Aerosol Absorption Photometer [4] On DLR-IPA
Aerosol extinction σext Extinction measurement technique [25] On QinetiQ
Smoke number Smoke number (SN) method [31] On QinetiQ
Hygroscopic growth factor, RH 
95%
Hygroscopicity Tandem DMA (HTDMA) [12] On PSI
Cloud condensation nuclei super-
saturation S > 0.02
Thermal gradient CCN counter [17] On UNIV
Chemical composition Berner low pressure impactor, gravimetry (total mass),
thermal method (organic/elemental carbon), thin layer
chromatography (aliphatic, aromatic, polar constituents),
ion chromatography (major ions), atomic absorption spec-
troscopy (trace metals)
[16] Off TUV
Gas parameters
CO, CO2, HC, SO2, NOx , O2, H2 Standard test-rig instrumentation [25] On QinetiQ
H2SO4, SO3 Chemical ionisation mass spec. (CIMS) [18] On MPI-K
Gaseous Ions Ion mobility analyser (IMA) [14] On MPI-K
Charged soot particles Ion mobility analyser (IMA) and large ions mass spec-
trometer (LIOMAS)
[1] On MPI-K
NMVOCs (C2–C10) Quasi-on-line gas chromatography (GC); Off-line GC- [23] On BUGHW
MS-FID Off BUGHW
Partially oxidised hydrocarbons.
Carbonyl compounds, organic acids
Carbonyls: DNPH (2,4-dinitrophenyl-hydrazine); Organic
acids: K2CO3 cartridges; Off-line HPLC analysis
[13] Off DLR-VT
OH Laser-induced fluorescence (LIF) [42] On U. Leeds
* Institute abbreviations: QinetiQ (QinetiQ, Centre for Aerospace Technology, Farnborough, England), DLR-IPA (Institute for Atmospheric Physics,
German Aerospace Centre, Oberpfaffenhoffen, Germany), PSI (Lab. Atmospheric Chemistry, Paul Scherrer Institute, Switzerland), RR (Rolls Royce, Derby,
England), UNIV (Institute for Experimental Physics, Univ. Vienna, Vienna, Austria), TUV (Institute for Analytical Chemistry, Technical Univ. Vienna, Vienna,
Austria), MPI-K (Atmospheric Physics Dept., Max Planck Institute, Heidelberg, Germany), BUGHW (Bergische Univ. Wuppertal, Germany), DLR-VT
(Institute of Combustion Technology, Germany Aerospace Centre, Stuttgart, Germany), U. Leeds (Dep. Chemistry, Univ. Leeds, Leeds, England).Table 4
PartEmis Combustor campaign: Details of test schedule
Date Combustor FSC APA101 Add. Notation*
condition (µg g−1) (mg l−1)
25 January 2001 Old 50 None OLN
Modern 50 None MLN
26 January 2001 Old 410 None OMN
Modern 410 None MMN
29 January 2001 Old 1270 None OHN
Modern 1270 None MHN
31 January 2001 Old 50 256 OLS
Modern 50 256 MLS
1 February 2001 Old – – –
Modern 50 1280 MLH
* Sampling time per test point ∼180 mins.
the various test conditions during the PartEmis Combus-
tor and HES campaigns are detailed in Tables 4 and 5, re-
spectively. As already mentioned, exhaust emissions were
measured for aerosol, gas and chemi-ion properties. Basic
aerosol properties measured included the following [27,30]:
the number and mass concentrations, size distribution, mix-ing state, and volatile fraction of internally mixed particles.
The combustor operating conditions were found to have a
weak influence on the size, number and mass of emitted par-
ticles. Increasing the FSC slightly increased the total number
of emitted particles. At high FSC levels the formation of new
particles with diameters d < 10 nm by homogeneous nucle-
ation was observed. Particles of size d  30 nm were almost
entirely internally mixed. Smaller particles (d < 20 nm) ex-
hibited volume fractions of 10–15% and 4–10% for volatile
and semi-volatile material, respectively, while the volatile
fraction decreased to < 5% for d  50 nm particles.
Particle hygroscopic properties were measured at ambi-
ent conditions using a Hygroscopicity Tandem Differential
Mobility Analyser (H-TDMA) system [12]. The instrument
measures the hygroscopic growth factor (g) of particles with
initial dry sizes d0 = 30, 50 and 100 nm over the range
RH ∼ 70−95% where g(RH)= d(RH)/d0. Growth factors
were found to increase with increasing FSC at fixed par-
ticle size (e.g. d0 = 50 nm; g(95%) = 1.01 and 1.16 for
FSC = low and high, respectively). Growth factors also de-
creased with increasing particle size at fixed FSC (e.g. mid
FSC; g(95%) = 1.14, 1.10 and 1.03 for d0 = 30, 50 and
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PartEmis HES campaign: Details of test schedule
Date Combustor condition FSC (µg g−1) APA101 Add. (mg l−1) HES pressure stage Notation*
15 March 2002 Old 50 299 hp, ip, lp OLS-hp, . . .
Modern 50 299 hp, ip, lp MLS-hp, . . .
17 March 2002 Old 50 1430 hp, ip, lp OLH-hp, . . .
Modern 50 1463 hp, ip, lp MLH-hp, . . .
18 March 2002 Old 50 None hp, ip, lp OLN-hp, . . .
Modern 50 None hp, ip, lp MLN-hp, . . .
20 March 2002 Old 400 None hp, ip, lp OMN-hp, . . .
Modern 400 None hp, ip, lp MMN-hp, . . .
21 March 2002 Old 1300 None hp, ip, lp OMN-hp, . . .
Modern 1300 None hp, ip, lp MMN-hp, . . .
* Sampling time per test point; OLS-hp= 20 mins, OLS-ip= 22 mins, OLS-lp= 40 mins, etc.100 nm, respectively) [12]. These results suggest an increas-
ing amount of sulphuric acid adsorbed on combustion parti-
cles from the gas phase with increasing FSC, which leads to
a relatively larger fraction on smaller particles.
Cloud condensation nuclei (CCN) were measured in
the diluted line using a static thermal diffusion type CCN
counter [8]. Particles are exposed to controlled supersatura-
tions of water vapour, which enables some of the particles
to become activated and grow to large (>10 µm) droplets.
During PartEmis, the supersaturation was set to ∼0.7%. The
fraction of CCN in the aerosol (relative to the concentra-
tion of particles >10 nm) increased with increasing FSC,
but even for low FSC the fraction of CCN (at 0.755% super-
saturation) was higher than the fraction of particles with di-
ameters larger than 0.280 µm, i.e. the size at which wettable
insoluble particles are activated according to the Kelvin ef-
fect. At high FSC, the fraction of CCN increased by about
a factor 5.5 for old and 12 for modern conditions but was
still lower by a factor ∼15 for those particles with d > 0.03
µm, i.e. the dry size at which sulphuric acid particles would
be activated according to Köhler theory. Further details are
given elsewhere [17]. Aerosol samples were collected with
filter pack samplers and low pressure Berner impactors for
total aerosol and size-resolved chemical mass analysis. Im-
pactor foils and teflon filters were analysed for mass con-
centration, total, organic and elemental carbon, water solu-
ble ions and extractable organic compounds using a variety
of techniques such as: ion chromatography, thermal com-
bustion, gas chromatography, and atomic absorption spec-
troscopy, respectively. Measurements indicate that the mass
mode concentration was in the range d = 60−120 nm and
showed little variation with FSC or combustor conditions.
Non-methane volatile organic compounds (NMVOCs)
were monitored using a compact GC instrument (Airmovoc
2010) with an enrichment system (cryotrap) and FID de-
tector [21,23]. C2–C10 aliphatic and aromatic hydrocarbons
(HCs) were measured with a time resolution of 20 min and
detection limits in the pptv range. More than 90 different
aliphatic and aromatic HCs were identified and quantified:
these species accounted for up to 91 wt% of the total de-
tectable compounds. A decrease in HC emissions with in-
creasing combustor power at the same FSC was found. Noclear influence on the HC emissions with changing FSC at
the same combustor power was observed. The calculated
emission indices (mg/kg fuel) were found to be in agree-
ment with results from the AEROTRACE study [22].
Partially oxidised hydrocarbons such as aldehydes and or-
ganic acids were collected in special sampling cartridges and
measured off-line using HPLC with a photo-array detector.
Emission indices (mg/kg fuel) of carbonyl compounds were
found to be similar to AEROTRACE tests. The lowest car-
bonyl emissions were observed for low FSC during the HES
campaign. Emission indices of organic acids were about 10
times higher than for carbonyl compounds.
A comprehensive suite of trace gas concentrations and
test-rig measurements was conducted by QinetiQ. Trace gas
measurements were: O2, CO, HC, SO2, NO, NOx , and in
particular, CO2 at various points in the dilution system.
Other parameters such as NO2, N2, H2O were calculated
from these measurements. Standard online thermodynamic
and test-rig parameters included: temperature and pressure
at numerous locations throughout the system, combustor
efficiency, air-to-fuel ratio (AFR), emission indices, smoke
number.
Gaseous sulphuric acid was measured using a CIMS
(Chemical Ionisation Mass Spectrometer) apparatus equip-
ped with an Ion Trap Mass Spectrometer (ITMS). The ITMS
allows CID (Collision-Induced-Dissociation) investigations
of mass selected ions to be performed which in turn allows
much better species identification than can be offered by a
conventional mass spectrometer. In order to avoid sampling
line losses a relatively short sampling line (200 cm) without
dilution and with a temperature exceeding 150◦C was
used. Total gaseous S(VI) (SO3 and H2SO4) concentrations
increase with FSC and fuel-flow reaching up to 450 ppb
at the low pressure stage of the HES in the modern
cruise condition for high FSC. The conversion efficiency
ε = S(VI)/ST (where ST = total sulphur) was determined
using the measured FSC. The parameter ε increases with
increasing exhaust age in the HES and increasing fuel flow.
It is 1.3± 0.7% at the combustor exit and up to 2.3± 1.2%
at the low pressure stage for the modern cruise condition for
FSC= 1270 ppm [18].
138 C.W. Wilson et al. / Aerospace Science and Technology 8 (2004) 131–143Gaseous ions were measured during the HES Campaign
using an ion mobility analyzer (IMA). The IMA was not
equipped with a sampling line (in order to avoid ion losses)
but was attached directly to the HES at the high pressure
stage (sample point 1 in Fig. 6). Both concentrations
of positive and negative ions were measured, and were
observed to increase with fuel-flow to values as high as
1.5×108 cm−3 (negative ions) and 1.2×108 cm−3 (positive
ions). Positive and negative gaseous ions with mass numbers
up to 1500 were detected for the first time in the internal
flow of the aircraft gas turbine engine. The total ion emission
index Ei of positive and negative ions with respect to
burnt fuel attained a value 1.6 × 1016 kg−1. This value is
sufficiently high to explain the formation of the numerous
volatile aerosol particles observed in the wake of in-flight
jet aircraft [14]. Electrically charged soot particles were
measured using the IMA and a large ion mass spectrometer
(LIOMAS). Both positively and negatively charged soot
particles had approximate mass numbers exceeding 5 ×
104 [1].
OH laser induced fluorescence (LIF) measurements were
performed in the exhaust duct of the HES. The experiment
comprised a Nd/YAG pumped dye laser set up to generate
light at λ = 281.913 nm in order to excite the Q1(1)
transition of OH A2
∑
(ν′ = 1)← X2∏(ν′′ = 0), chosen
as it is one of the strongest transitions at the temperature
expected at the observation point. Fluorescence was detected
perpendicular to the path of the laser from the ν′ = 0 →
ν′′ = 0 transition around 309 nm via a lens and a customised
interference filter. In order to maximise the signal to noise
ratio by discriminating against Raman scatter expected from
nitrogen and water around 302 and 315 nm, respectively, the
interference filter was centred at 308.75 nm with a band pass
of 4.96 nm (FWHM) and >50% transmittance in the band
pass region. Calibration experiments were performed with
a methane/air flame of known composition and measured
temperature profile in a McKenna burner. This has been
modelled with the PREMIX [19] module of CHEMKIN [20]
to simulate a burner stabilised 1-D flame in order to provide
the concentration vs. height profile of OH above the burner
surface. After calibrating for the effect of different CCD
camera gain and exposure times, accounting for the different
Boltzmann population distributions over the OH ground
state, and different quenching rates from the OH excited
state, a preliminary estimate was obtained for the absolute
OH concentration in the HES exhaust duct of ∼2 × 1010
molecules cm−3 (1.2 ppbv).
5. HES and plume modelling
In order to improve detailed understanding of processes
leading to particle formation and their precursors as well as
to enhance the predictive capability of how these processes
depend on turbine operation conditions and FSC, a number
of modelling activities were performed in PartEmis. Theseactivities focussed on modelling physical parameters (e.g.
pressure and temperature) and selected trace gas concentra-
tions using 1-D and 3-D approaches for both the HES and
near-field plume.
The HES 1-D model, developed by Qinetiq (Clague et
al., in preparation) is based on the CHEMKIN III software
package to describe the time-dependent behaviour of a
series of coupled perfectly stirred reactors (PSRs). The
major advantage of assuming perfect mixing is that the
resulting reduction in complexity is much less demanding
in terms of computational time. As a result, it is possible
to describe the chemistry using a highly detailed reaction
mechanism. Literature searches were employed to ensure the
inclusion of all reactions and species believed of relevance
in the temperature and pressure regime valid for the HES.
The final, full mechanism contained 96 species and 725
reversible reactions, which together describe the gas-phase
oxidation of compounds containing up to two carbon atoms
as well as the production and destruction of NOx and SOx
species. The kinetic and mechanistic details were taken from
evaluated databases, updated and further developed for SOx
chemistry.
The HES model was initialised using the actual concen-
trations of the principal bulk combustor products, CO2, O2,
H2O, CO, unburned hydrocarbons, NO and NO2, as ob-
tained from the PartEmis combustor database. A number of
significant species, such as OH and O which could not be
measured during the tests but were considered important to
the conversion of SO2 to SO3 and H2SO4 were derived from
a chemical model of the combustion system.
Of principal interest to the HES modelling work were the
changes of aerosol precursor species as well as the radicals
that drive their oxidation. These changes are presented
graphically for the sulphur species SO2, SO3 and H2SO4
as well as for O and OH in Fig. 8(a) and (b) for old and
modern cruise conditions, respectively. As can be seen from
this figure there is a continuous decay in both O and OH
through the HES as the species contribute to the oxidation
of CO, SO2 and NOx . Moreover, the figure also shows a
clear increase in sulphuric acid, which for both conditions
occurs almost exclusively in the HES itself and not in the
ducting before and after it. The conversion efficiency ε of
S(IV) to S(VI) is calculated to be 0.61% and 0.57% for
modern and old cruise conditions, respectively, and is almost
independent of FSC.
Compared to the overall sulphur conversion efficiency,
including both combustor and HES which is calculated to
be about 2.1%, the contribution of the HES must therefore
be considered as minor. A comparison of the measured and
modelled sulphur conversion efficiency shows good agree-
ment for modern cruise conditions but is less satisfactory for
old cruise conditions.
Computational Fluid Dynamics (CFD) modelling has
provided much greater insight concerning changes of pres-
sure and temperature in the HES than was previously avail-
able. Using the Eddy-dissipation turbulence/chemistry inter-
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Fig. 8. Mixing ratio vs. time through the Hot End Simulator (1-D model) for old (top) and modern (bottom) cruise.action model the evolution and concentration of SOx species
may be predicted. Again the results were found to be in sat-
isfactory agreement with experiment.
Modelling of the jet regime of an aircraft plume was
performed using a 3-D chemical-dynamics code developed
previously [10,11]. Modelling focussed on the temporal
evolution of the major HOx , NOx and SOx species using
kinetic and mechanistic data optimised for temperaturesbelow 700 K as appropriate for the expanding and cooling
plume within a distance of approximately 100 m behind
the aircraft. Chemical initialisation of this model was made
using both old engine core data [3] and those from PartEmis
HES measurements and/or models.
As part of modelling activities a quantum-chemical dy-
namical calculation [36] of the rate coefficient for the reac-
tion OH + SO2 + M → HOSO2 + M was also performed
140 C.W. Wilson et al. / Aerospace Science and Technology 8 (2004) 131–143Fig. 9. Evolution of SOx species for different HSO3 kinetics in the jet regime of a plume (so-called BOAT code). The first symbol “o” represents old combustor
conditions, and the second symbol represents either an old “o” or new “n” model run.which is the rate determining step in the overall oxidation
of S(IV) to S(VI) at all temperatures below 700 K, i.e. ap-
plicable to plume conditions. The results from this work in-
dicate that this recombination process may be considerably
slower than previously thought [40]. When included in the
plume model chemical code the results suggest that the con-
version efficiency of S(IV) to S(VI) within the plume is only
around 0.2%, a factor of 3 lower than predicted with conven-
tional SOx chemistry. An example of the computed profiles
for SOx species in the early plume is provided in Fig. 9.
6. Sample line modelling
A large fraction of particles emitted from aircraft en-
gines are volatile and are composed of sulphuric acid,
H2O and probably low vapour pressure organic compounds.
Since such particles can have a significant influence on at-
mospheric radiation processes, chemical composition and
cloud coverage, their formation in aircraft engines and/or
aircraft wakes is of great importance. Experimental investi-
gations of trace gas and particulate emission from both com-
bustor and HES required the installation of sampling lines
in which the hot air samples are cooled and diluted prior to
analysis. Measurements made at the end of sample lines may
therefore be affected by processes that modify initial dis-
tributions of particles by i.e. nucleation, coagulation and/or
hygroscopic growth. Therefore it was deemed important in
PartEmis to test such effects by appropriate modelling stud-
ies.The modelled evolution of volatile particles along the
sampling line is shown in Fig. 10. As can be seen from
this figure the number concentration remains small as
long as the temperature is above 450 K. However, upon
dilution and cooling of the sample line a rapid increase in
number concentrations is noted. This increase depends on
FSC, in agreement with experimental measurements during
PartEmis. As a result of scavenging of volatile particles, soot
particles will be coated with sulphuric acid/H2O during their
passage through the sampling line. Under high humidity
conditions such particles will absorb water and grow in size
as discussed earlier. Hygroscopic growth factors depend on
particle size and FSC with the growth being more rapid for
smaller particle sizes and higher FSC.
Particle coagulation during sampling was also investi-
gated by using a Brownian motion model in the contin-
uum regime. Model results indicate that for typical num-
ber concentrations and frequency factors, coagulation does
not affect particle number concentration on a 0.1 s time
scale as appropriate for sampling line conditions during
PartEmis [9].
7. Chemical kinetics database
The chemical kinetics database needed for box model
and/or coupled chemical dynamical codes has been updated
with respect to new measurements and calculations of
rate coefficients and thermodynamic properties. Since the
C.W. Wilson et al. / Aerospace Science and Technology 8 (2004) 131–143 141Fig. 10. Calculated evolution of volatile particle concentration in the sampling line during the HES campaign. (Modified after [40].)SOx mechanism, which is responsible for the oxidation
of S(IV) to S(VI) and hence the formation of particulate
precursors, is subject to much greater uncertainty than other
components of the oxidation mechanism (i.e. CH4 or NOx
mechanisms) special emphasis was placed on improving
this aspect. New data for the kinetics of the recombination
reaction OH + SO2 → HOSO2 indicate that HOSO2 is
considerably less stable than previously assumed [36]. As a
result, considerably smaller conversions of S(IV) to S(VI)
in aircraft plumes are predicted [37] in agreement with
experimental observations both from PartEmis and in-flight
studies.
8. Discussion and conclusions
The representativity of PartEmis Combustor measure-
ments is illustrated in Fig. 11, which shows black carbon
emission indices (EIBC) for various commercial jet engines
at cruise altitude from in-flight studies [29,34]. The types of
engine have been arranged on the y-axis according to EIBC
values and generally decrease from top to bottom. Emission
indices for PartEmis old and modern cruise conditions are
close to mean values for the illustrated gas turbine engines.
The uncertainty in the emission values was estimated at less
than 10%.
Preliminary results from the PartEmis Combustor and
HES test campaigns and associated modelling studies sug-
gest that:
(i) The combustor behaves like a typical aircraft engine
combustor with respect to thermodynamic data and main
emissions. It may thus be expected that the PartEmis
database can be applied, to give a first order approximation,
to contemporary aircraft engines.(ii) The BC concentration is nearly independent of FSC
level, and no major differences were observed with the
APA101 Additive. A possible reason is that the Additive
may have a less beneficial effect on high quality fuels (i.e.
low aromatic and sulphur concentrations), such as those used
during PartEmis.
(iii) Gaseous S(VI) was measured in the form of sulphuric
acid. Increased FSC resulted in higher S(VI) concentrations.
The measured conversion efficiency ε for fuel sulphur to
S(IV) increased with increasing fuel flow and increasing ex-
haust age up to 2.3±1.2%. These values are similar to those
measured by MPIK-Heidelberg during an in-flight study
(SULFUR 1-7 campaign) which yielded 3.3 ± 1.8% [34].
Modelling of sulphur conversion in the combustor, the HES
Fig. 11. Black carbon (EIBC) emission indices for various commercial jet
engines at cruise conditions. PartEmis old and modern cruise conditions
at mid FSC (OMN and MMN, respectively) are shown. Year of engine
certification given in brackets.
142 C.W. Wilson et al. / Aerospace Science and Technology 8 (2004) 131–143and the plume suggests that the major fraction of the con-
version occurs in the combustor. The contributions from the
HES and/or plume are relatively minor.
(iv) The number size distribution of primary particles in
the diameter range 10 < d < 550 nm is almost uninfluenced
by the FSC level or combustor conditions. But at high FSC
levels the formation of new particles with diameters d <
10 nm by homogeneous nucleation was observed. Modelling
of sample line effects indicates that the number distribution
of primary particles is not influenced by coagulational
losses. Moreover the formation of new particles is found to
be induced only after cooling of the sample line.
(v) There is an enhancement in H2SO4 concentration,
particle hygroscopicity, volatility, and CCN concentration
with increasing FSC level.
(vi) More than 100 NMVOCs (aliphatic and aromatic hy-
drocarbons, carbonyls and acids) were found and quantified.
HC emissions decreased with increasing combustor power
at the same FSC. In addition, there was no clear influence of
FSC on HC emissions at the same combustor power.
(vii) Positive and negative gaseous ions were detected
for the first time in the exhaust of a combustor, with mass
numbers up to 1500. The total ion emission index at the HES
hp stage was as high as 1.6×1016 positive and negative ions
per kg fuel burnt. Large ions with mass numbers exceeding
4500 were also detected, and contributed about 10% to the
total ion number concentration.
(viii) The efficiency of sulphur conversion in the engine
has been confirmed by chemical-dynamical modelling as
well as from direct measurements to be around 2–3% with
the major contribution arising from the combustor. The
additional conversion in the turbine as well as in the plume
is of minor importance.
(ix) Formation of volatile particles in jet engine emissions
has been demonstrated from microphysical modelling to be
the result of cooling and dilution of exhaust gases.
This overview of the EU PartEmis project presents the
first comprehensive aerosol and gas measurements to be
conducted on a jet engine combustor test-rig. The large
database will be used for further in-depth analyses as well
as for plume modelling studies.
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